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Abstract. 

We report room temperature lasing in ZnO inverse opal photonic crystals in 
the near-ultraviolet (UV) frequency. We observe random lasing due to disorder in 
the structures when the photonic pseudogaps are located away from the ZnO gain 
spectrum. Tuning the first TL-pseudogap to the gain peak leads to a five-fold reduction 
in lasing threshold and frequency shift of lasing modes due to the enhanced confinement 
of light. 



PACS numbers: 42.55. Zz, 42.55.Tv, 42.70.Qs 
The pursuit of light localization has led to two alternative approaches to realize 
mirrorless lasers: random lasers and photonic crystal (PhC) lasers. In a random laser, 
feedback is provided by strong scattering of light in a disordered medium. Random 
lasing has been observed in various disordered media. (TJ (2J [3J H] However, the currently 
achievable thresholds are too high for many practical applications because of incomplete 
confinement of light. One approach to improve the confinement is to maximize the 
scattering strength by using Mie resonances. [SI E] Another approach, first proposed by 
John,[7J is to reduce the effective momentum of light by introducing periodicity into 
the system: The Ioffe-Regel criterion for light localization in the presence of periodicity 
is replaced by k c £ < 1, where k c is crystal momentum, which is much smaller than 
the optical wavevector k at near band edge. Due to the challenges in fabrication, real 
PhCs possess an unavoidable degree of disorder, and the optical properties of such 
partially ordered systems must be understood because uncontrolled scattering is very 
detrimental to passive PhC devices. [SJ [9j [10] Theoretical studies of 2D systems have 
shown that very high quality modes can exist in disordered PhCs [TTl [T2l [13] , which 
facilitates lasing action. A recent study illustrates a gradual transition from lasing in a 
photonic crystal to random lasing behavior. [H] In this chapter we report experimental 
results on the UV lasing characteristics of ZnO inverse opal PhCs. We observe a strong 
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reduction in lasing threshold when the fundamental PBG in the [111] direction is tuned 
to overlap with the gain spectrum of ZnO. This demonstrates a combination of random 
lasing with partial PBG confinement. 

In 3D PhCs, realizations of gain enhancement. [T5l [T6] stimulated emission[T7], and 
lasingflHl [HI [20] so far have relied on light sources infiltrated into a passive PhC 
Infiltration complicates fabrication and can lead to a reduction of refractive index 
contrast and interactions of the emitters with the dielectric walls. In our samples ZnO 
acts as both the dielectric backbone and the gain medium for lasing. This allows us 
to study the emission properties without infiltrating quantum dots or dye molecules. 
However, we need to take into account the frequency-dependence of the refractive index 
and absorption in the PBG region in our active systems. 

1. Fabrication of ZnO inverse Opal 

Polystyrene opals were prepared by self-assembly onto glass substrates using the vertical 
deposition technique. The opals are typically ~ 50 layers thick with single crystal 
domains of several tens by hundreds of micrometers. The templates were infiltrated 
with ZnO by atomic layer deposition (ALD) and then removed by firing at 550°C. The 
remaining structures are face-centered cubic (FCC) arrays of air spheres surrounded 
by ZnO dielectric shells, with the (111) crystal surface parallel to the substrate [figure 
[U (a)]. All samples were infiltrated and fired together to ensure similar material and 
optical qualities. 

High-quality ZnO inverse opals have been reported with the first PBG in the red 
and near-IR spectrum. [22l [23] However, the small sphere diameters (< 200nm) necessary 
to tune the fundamental gap to the UV spectrum are difficult to grow with good 
monodispersity and to assemble into defect-free structures. In addition, after infiltration 
firing at elevated temperatures causes sintering and grain growth of the nano crystalline 
ZnO and thereby leads to small scale disorder in the structure due to roughness of the 
ZnO shell surfaces (figure [1] (b)). As a result, disorder becomes increasingly important 
with decreasing sphere size. 
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Figure 1. Scanning electron microscope (SEM) images of ZnO inverse opals, (a) 
(111) surface of d=256nm sample and (b) cross section (cleaved surface) of d=171nm 
sample. The rough granular structure is due to crystal growth during firing. 



2. Optical Setup 



Reflection spectra of the PhCs were measured with a Cary 500 UV-vis-NIR 
spectrophotometer. Both the diffuse and the total (diffuse plus specular) reflection from 
the sample surface are measured using an integrating sphere. The specular component 
can then be obtained by subtracting the two measured spectra. The angle of incidence 
of the beam onto the sample surface is 3°, i.e. very close to the normal [111] direction. 

The optical setup used to measure lasing and photoluminescence is shown in figure 
[2j To measure the emission from the samples, the sample surfaces were first imaged by 
a white-light source and a 20X objective lens onto a CCD camera, and highly reflective 
areas free of cracks were selected for our experiments. The samples were then pumped by 
a continuous-wave He-Cd laser of A = 325nm in photoluminescence (PL) measurements, 
or at 10 Hz with 20ps pulses of wavelength A = 355nm from a mode-locked Nd:YAG 
laser in the lasing experiment. The beam had a spot diameter of approximately 20/im 
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and was incident along the [111] crystal direction. The emission was collected by the 
objective lens (NA=0.4). All measurements were performed at room temperature. 
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Figure 2. Schematic of the optical setup used to measure lasing and 
photolumincsccncc from the ZnO inverse opal structures. The white light and pump 
beam are incident normal to the sample surface along the [111] direction, and the 
emission is collected in the same direction. BS stands for UV beam splitter, LI is a 
20X UV objective lens, M is a flip mirror to select the pump beams. 

The angle resolved lasing experiment setup is shown in figure [31 The sample was 
mounted on a goniometer stage. Only the detection arm moved and the sample did 
not rotate. The third harmonics of the pulsed Nd:YAG laser was used to pump the 
ZnO. The pump beam was focused onto the sample focused by a lens (LI) at a fixed 
angle 8 p ~ 30°. The emission was collected by another lens (L2) and focused to a fiber 
bundle which was connected to a spectrometer. A linear polarizer (P) was placed in 
front of the fiber bundle to select s- or p-polarized light with electric field perpendicular 
or parallel to the detection plane (consisting of the detection arm and the normal of 
sample surface). The angular resolution, which was determined mainly by the range 
of collection angle of lens L2, was about 5°. Spectra of laser emission into different 
angles 8 e were measured when the detection arm was scanned in the horizontal plane. 
To prevent the reflected pump light from entering the detector, the incident beam was 
slightly tilted vertically so that the incidence plane deviated from the detection plane. 
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A long pass filter (F) was placed in front of the fiber bundle to block the scattered pump 
light at wavelength A = 355nm. 




Figure 3. Schematic of the optical setup used to measure angle resolved laser emission. 
The sample was mounted on a goniometer stage. Only the detection arm moved and 
the sample did not rotate. The pump beam was focused onto the sample by lens 
(LI). Emission was collected by another lens (L2) and focused to optical fiber bundle 
connected to a spectrometer. Polarization was selected by linear polarizer (P). A long 
pass filter (F) was placed in front of the fiber bundle to block the scattered pump light. 
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3. Results and Discussions 

Figure H] shows specular reflection spectra taken from four samples, with white light 
incident normal to the sample surface along the [111] crystal direction, and the calculated 
band structures of the PhCs. The largest sample (d = 256nm) shows a main reflection 
peak at A = 525nm. It corresponds to the fundamental PBG in the (1 1 1) direction. Its 
wavelength is far from the ZnO absorption/emission edge. Additional reflection features 
between 390 and 400nm correspond to high order gaps. The narrow width and small 
amplitude of the reflection peak of the YJlnm sample suggest that the fundamental gap 
is reduced by disorder and overlaps with the absorption edge of ZnO. This means that 
the observed reflection peak corresponds to the low-frequency part of the PBG and the 
high-frequency part of the gap is effectively destroyed due to absorption by ZnO. For 
the smallest sample (d = 160nm) the fundamental PBG lies in the absorption region of 
ZnO and no PBG can be observed. The calculations were performed using the plane- 
wave-expansion (PWE) method with values for the refractive index n(A) of ZnO for 
wavelength A > 385nm.[23] The calculated gap position agrees well with the reflection 
peak frequency. 

The results of photoluminescence measurements are shown in figure [5] We observe 
broad spontaneous emission peaks from the ZnO PhCs. For a comparison of spectral 
shapes and peak positions, the emission spectra have been normalized to a peak value 
equal to 1. For the d = YJlnm sample the PBG overlaps the emission band and the PL 
peak is clearly suppressed at the low-frequency edge and the maximum is blue-shifted. 
A similar modification of the spontaneous emission near the first PBG has been observed 
for light-sources infiltrated into PhC structures and can be explained by a redistribution 
of emission from the directions prohibited by the PBG to other allowed directions. [24| 

With increasing pump intensity, scattering of light by disorder in the structure 
causes random lasing in samples with no PBG (d = lQOnm) or a PBG away from 
the gain spectrum (d = 256nm) (figure [5]). Similar random lasing behavior has been 
observed in ZnO powders. [HI [25] The random lasing modes overlap spectrally with the 
PL peaks and have output in many directions. The linewidth of individual lasing peaks 
is ~ O.bnm, but often several lasing peaks overlap partially in the spectrum. 

We have estimated the scattering mean free path of light £ s in our samples from 
transmission and reflection data: 

(1 ' T S g ■ Tg a £ s 

The probe light is incident onto the sample/air interface, T and R are the measured 
values of ballistic transmission and total reflection (including specular and diffusive 
reflection), T sg and T ga are the transmission coefficients for the sample/glass and 
glass/air interfaces, and L is the sample thickness. A comparison of l s values for 
different samples is only possible at wavelengths away from the ZnO absorption band 
and the PBGs. Thus we choose A = 650nm, and obtained values of £ s equal to 29.2/im 
for d = 25Qnm, 21.5/im for d = 202nm, 22.8fim for d = 171nm, and 23.3^um for 
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Figure 4. (a) Calculated photonic band structures of the ZnO inverse opals in the 
vicinity of the first TL pseudogap. The dashed line marks the approximate position 
of the ZnO absorption edge. With decreasing sphere size the fundamental PBG shifts 
closer to the absorption edge and the 160nm sample has no PBG due to absorption, (b) 
Specular reflection spectra of ZnO inverse opal PhCs with varying sphere diameters. 



d = 160nm. These results confirm that disorder slightly increases with decreasing 
lattice parameters, but also that the degree of disorder is similar for the three smaller 
sphere samples. Scattering will be significantly stronger at the ZnO emission wavelength 
due to increased refractive index of ZnO, but should remain comparable in all samples. 

Unlike the other samples, lasing peaks from the d = 171wn sample are spectrally 
located not at the position of strongest PL but are red-shifted into the PBG. As shown 
in figure [6j lasing exhibits a clear threshold and the threshold decreases dramatically 
when the PBG is tuned to the gain spectrum of ZnO. More specifically, the threshold is 
reduced by approximately a factor of 5 from d = 256nm to d = YJlnm and a factor of 3 
from d = 160nm to d — YJlnm. Because the difference in disorder between the samples 
is small and the optical quality is similar, this suggests that lasing is enhanced by the 
additional confinement of light provided by the PBG. However, despite the reduction 
of the lasing threshold, the lasing output remains non- directional and similar to that 
of a random laser (figure [6] b). The absence of directionality of laser emission excludes 
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Figure 5. Photoluminescence and lasing spectra of the ZnO inverse opals with varying 
sphere diameters. The random lasing modes in the d = 160n?7j, 202nm and 256nm 
samples overlap with the peak in PL spectrum. In the d = \71nm sample the PL is 
suppressed and blue-shifted by the PBG (indicated by the reflection spectrum, dashed 
line). The main lasing modes are red-shifted into the PBG and do not overlap with 
the PL maximum. 

the possibility of lasing in the defect states within the [111] PBG or band edge lasing 
in the high symmetry directions of the PhC.[T9l 1201 123 ] Random lasing modes with 
enhanced confinement in the [111] direction would be expected to emit more strongly 
in other directions outside the PBG. However, the partial gap in the 171wn sample 
is located near the absorption edge and covers only a narrow solid angle relative to 
directions outside the gap, so the angular redistribution of light is small. An alternative 
explanation in terms of directional lasing plus subsequent diffusion of laser emission 
appears unlikely since a short absorption length of the pump light would make lasing 
occur close to the sample surface. Based on these experimental findings, we believe that 
what we observe is still random lasing and the spatial confinement of the random lasing 
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Figure 6. Lasing threshold versus sphere diameter for the ZnO inverse opals. The 
lasing threshold is strongly reduced when the PBG overlaps the emission spectrum 
of ZnO. Inset: L-L curve measured for a d — Yllnm sample, with lasing intensity 
(in arbitrary unit) plotted versus. pump intensity (in MW/mm 2 ). (b) Lasing output 
intensity versus detection angle for the d = Yllnm sample. Lasing is not confined to 
the [111] direction. The peak in p-polarized emission around 50° is attributed to the 
Brewster angle effect. 

modes is improved by reduced k c from the Bragg diffraction in the partial PBG. Further 
experimental and theoretical studies will be needed for a complete description of the 
complicated physical properties of such optically active, partially disordered photonic 
structures. 
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4. Conclusion 

We have demonstrated UV lasing at room temperature from ZnO inverse opal PhCs. 
The disorder in the structures, primarily due to imperfections in the opal templates and 
roughness caused by grain growth during firing, induces optical scattering and leads to 
random lasing. When the first TL-pseudogap of the PhCs is tuned to the ZnO gain 
spectrum, a pronounced reduction in lasing threshold is observed, indicating enhanced 
confinement of light by the incomplete PBG. We believe a fine tuning of the PBG 
position and a reduction in disorder by improving the sample fabrication will lead to 
photonic crystal lasing and a further reduction of lasing thresholds and improvement of 
the output directionality. 
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